Histidine-rich glycoprotein (HRGP) is a human plasma and platelet protein of apparently diverse biological functions. In this study a new interaction for HRGP is described. HRGP specifically interacts with fibrinogen as demonstrated by two independent systems. Using an enzyme-linked immunosorbent assay it was demonstrated that HRGP bound to adsorbed fibrinogen in a concentration-dependent and saturable manner, with an apparent dissociation constant (Kd) of 6.7 nM. The binding was specific, reversible, and not mediated by a conformationally altered adsorbed fibrinogen molecule. The interaction was divalent cation-dependent and ionic in nature. The HRGP-fibrinogen interaction was also demonstrated using rocket immunoelectrophoresis. The HRGP-fibrinogen interaction had an effect on the kinetics of conversion of fibrinogen to fibrin as demonstrated by a prolongation of the thrombin time. HRGP also became incorporated into fibrin clots in a concentration-dependent and saturable manner, with an apparent Kd of 0.25 ,M. The incorporation of HRGP into fibrin clots occurred in a plasma milieu as demonstrated by the direct incorporation of radiolabeled HRGP into plasma clots and by a significant decrease in serum HRGP levels as compared with plasma levels. HRGP prolonged the lag time phase of fibrin gel formation, and decreased the rate of turbidity rise, as well as the final absorbance of fibrin gels. Since the extent of fibrin polymerization was not influenced by the presence of HRGP, these data suggest that fibrin is distributed over more, but thinner, fibrils in the presence of HRGP. In addition to its potential effect on fibrin polymerization, the HRGP-fibrin interaction may play a role in the cell-cell interactions of platelets and macrophages.
Introduction
Histidine-rich glycoprotein (HRGP)' is an a2-glycoprotein in human plasma (1, 2) . In addition to histidine, this protein is rich in proline and glycine, and these three amino acids are primarily located in one restricted region of the molecule (3) . The molecular cloning of the HRGP complimentary DNA has recently been reported and demonstrates significant homology to both antithrombin III and high molecular weight kininogen (4) . HRGP appears to have diverse biological functions. It binds 1 . Abbreviations used in this paper: ELISA, enzyme-linked immunosorbent assay; HRGP, histidine-rich glycoprotein.
several divalent metals with high affinity (5, 6) . HRGP reduces the binding of plasminogen to fibrin and significantly retards fibrinolysis (7, 8) . There is increased turnover of HRGP during thrombolytic therapy (9) . HRGP binds heparin with high affinity and neutralizes its anticoagulant activity; a significant negative correlation has been found between the anticoagulant activity of heparin and the plasma level of HRGP (10, 1 1). HRGP is also immunochemically identical with a previously described plasma factor which inhibits autorosette formation between erythrocytes and peripheral T lymphocytes (12) . We have previously demonstrated that HRGP is present in human platelets, probably located in the a-granules, and is released after thrombin stimulation (13) . HRGP forms a specific complex with thrombospondin, a platelet adhesive protein (14) . HRGP complexed with thrombospondin is capable of binding heparin and neutralizing the anticoagulant activity of heparin in plasma (14) .
More recently, it was demonstrated that HRGP can form a trimolecular complex with thrombospondin and plasminogen, and HRGP remains functionally active within this macromolecular complex (15) . Thus HRGP may function in metal homeostasis, immunoregulation, and may be important in the modulation of thrombotic and fibrinolytic events. In this study a new interaction for HRGP is reported. HRGP interacts specifically with fibrinogen and is incorporated into fibrin clots. This phenomenon appears to alter the final structure of the fibrin gel, suggesting a further degree ofcomplexity to the biology ofthis molecule.
Methods
Materials. p-Nitrophenyl phosphate and type VII calf mucosa alkaline phosphatase were obtained from Sigma Chemical Co., St. Louis, MO. Electrophoresis grade agarose (SeaKem) was purchased from FMC Corp., Marine Colloids Div., Springfield, NJ. A chromogenic thrombin substrate, tosyl-gly-pro-arg-paranitroanalide, was obtained from Vega Biotechnologies, Inc., Tucson, AZ. e-Amino-n-caproic acid was purchased from Calbiochem-Behring Corp., La Jolla, CA. Microtitration plates and a Titertek multiscan photometer were purchased from Flow Laboratories, Inc., McLean, VA. All reagents were of analytical grade.
Purifiedproteins. HRGP was purified from fresh platelet-poor human plasma using methods previously described with some modifications (1, 7, 13) . Since HRGP was susceptible to proteolysis (12) , protease inhibitors paranitrophenyl paraguanidinobenzoate chloride (pNGB; ICN Biomedical Inc., Costa Mesa, CA) and phenylmethylsulfonyl fluoride (PMSF, final concentration l0-5 M; Sigma Chemical Co.) were added in the plasma and included in the entire isolation procedure. 50% polyethylene glycol, 4,000 mol wt, was added to a final concentration of6% to remove the fibrinogen, and the precipitate removed by centrifugation. The supernatant was processed by adsorption to a CM-cellulose 52 column and elution of HRGP by NH4HCO3 was monitored by an ELISA specific for HRGP. The eluate was applied to a DEAE column and the peak fractions re-applied to a CM-cellulose column. Traces of IgG, fibrinogen, and plasminogen were removed by affinity chromatography using insolubilized IgG directed against these contaminants. HRGP, purified by this method, was kindly provided by Dr. Peter Harpel, Cornell University Medical College, New York, NY. When analyzed on sodium dodecyl sulfate-polyacrylamide gel electrophoresis, purified HRGP showed a single band with an apparent relative molecular weight (Mr) of 74,000 when reduced with 2% dithiothreitol. This was in agreement with recent published data (12) . Purified human fibrinogen, free of plasminogen, from IMCO Corp. Ltd. AB, Stockholm, Sweden, was purchased from MICO, USA, New York, NY. Coagulability of this fibrinogen preparation was 99%. In some studies, chromatographically pure Peak I human fibrinogen was used (kindly provided by Dr. Michael Mosesson, Mt. Sinai Medical Center, Milwaukee, WI) and gave essentially the same results. Purified human thrombin (7,120 NIH U/ml) was a kind gift of Dr. John Fenton II, New York State Department of Health, Albany, NY. Purified human albumin was purchased from Calbiochem-Behring Corp.
Antisera. Antisera to purified HRGP were raised in rabbits and absorbed with insolubilized HRGP-depleted plasma as previously described (13) . The absorbed HRGP antisera produced a single precipitin arc when diffused against human serum and gave a reaction ofimmunologic identity between serum and the purified HRGP. The absorbed anti-HRGP IgG did not react by ELISA with purified human fibrinogen, Factor VIII-related antigen, plasminogen, albumin, IgG, fibronectin, or thrombospondin. When used in a Western blot against reduced human plasma, the antibody detected a single major band with M, of 74,000.
Enzyme-linked immunosorbent (ELISA) binding assays. The assay was performed according to the method of Voller et al. as previously described, with minor modifications (14) (15) (16) . Microtitration plates were coated with 0.2 ml purified fibrinogen, [1] [2] [3] [4] Ag/ml, in bicarbonate coating buffer (15 mM Na2CO3, 35 mM NaHCO3, pH 9.6, 0.02% NaN3) for 3 h at 370C. The wells were washed three times with Tris-Tween buffer (10 mM Tris-HCI, 0.15 M NaCl, 0.05% Tween 20, pH 7.4) and purified HRGP (diluted in the same buffer) was added in duplicate for 2 h at 370C. After washing to remove unbound HRGP, alkaline-phosphataseconjugated anti-HRGP IgG prepared as previously described (13) was added at 1:800 dilution for 1 h at 37°C. After washing, the substrate pnitrophenyl phosphate was added and color development was followed by repeated readings at 405 nm in a Titertek multiscan photometer. The formation of the HRGP-fibrinogen complex was expressed as the enzymatic activity of the bound alkaline phosphatase (AA405/min). Double antibody ELISA. A double antibody ELISA was used to measure HRGP levels as previously described (13) . Microtitration wells were coated with 0.2 ml anti-HRGP IgG (5 ,g/ml) in bicarbonate coating buffer for 3 h at 37°C. After washing with Tris-Tween buffer, serial dilutions of HRGP (10-120 ng/ml) in Tris-Tween buffer containing bovine serum albumin (I mg/ml) were added in duplicate for 2 h at 37°C. After washing, alkaline-phosphatase-conjugated anti-HRGP IgG was added, followed by the enzyme substrate as described in the above section. The resulting hydrolysis of the enzyme substrate was linear with the concentration of HRGP added to the well up to 120 ng/ml. Control studies using nonimmune IgG-coated wells showed no binding of HRGP. This HRGP standard curve was repeated with each experiment in measuring the plasma and serum levels of HRGP. For the preparation of plasma and serum samples, venous blood was obtained using EDTA (final concentration 5 mM) as anticoagulant from normal donors who had had no medications during the previous 2 wk. 1 ml of the plasma sample was recalcified with CaCI2 (final concentration 11 mM) and clotted with thrombin (2 U/ml) for 1 h at 370C. Serum was separated by centrifugation with a tabletop centrifuge (Beckman Instruments, Inc., Fullerton, CA) for 5 min. Plasma and serum samples were diluted 1:1,000 to 1:2,000 in Tris-Tween buffer for measurement of HRGP levels by the double antibody ELISA. In some experiments, thrombin activity was abolished with phe-pro-arg-chloromethyl ketone (PPACK, final concentration 1 ,uM) after clotting for 1 h. HRGP levels measured in these samples were not significantly different from those without the thrombin inhibitor.
Rocket immunoelectrophoresis. Agarose stocks were prepared by melting electrophoresis grade agarose in 0.05 M phosphate buffer, pH 7 .4, at a concentration of 1%. The melted agarose was cooled to 450C and mixed with the prewarmed anti-HRGP antisera at a final concentration of 0.1%. 3-5 ml of antibody-agarose mixture was layered onto glass microscopic slides. Purified HRGP (0.7 MAM) was preincubated with purified fibrinogen or albumin at various molar concentrations. 12-Al samples were applied to 4-mm diameter wells and subjected to electrophoresis at 50 V and 4 mA for 20 h at 220C. After electrophoresis the agarose gels were extensively washed with saline and water, dried, and stained with 1% amido black in 40% ethanol-10% acetic acid and destained in 90% methanol-5% acetic acid. For studies using radiolabeled fibrinogen, the stained dried gels were subjected to autoradiography.
Radioisotope labeling. Purified proteins were labeled with 12"I (Amersham Corp., Arlington Heights, IL) by the modified chloramine T method (17) . The radiolabeled protein samples were precentrifuged in a centrifuge (Beckman Instruments, Inc.) for 3 min to remove potential aggregates before each experiment.
Thrombin time assay. 100 ,l purified fibrinogen (final concentration 2 MM) was incubated with 100 Ml purified HRGP or albumin at various molar concentrations in PBS containing 1 mM CaCI2 for 10 min at 370C. 50 Ml thrombin (final concentration 0.2 U/ml) was added and clotting times determined in duplicates or triplicates by a fibrometer.
Baseline thrombin time in the absence of HRGP was -160 s in this assay.
Fibrin clot studies. 100 Ml of purified fibrinogen (final concentration 2 MM) was incubated with 100 Mul of '23I-HRGP (specific radioactivity 9,000 cpm/Mg) or 1251I-albumin (specific radioactivity 11,000 cpm/Mg) at various molar concentrations in 10 mM Tris-HCl, 0.15 M NaCl, 1 mM CaCl2, pH 7.4, for 90 min at 37°C. The samples were then placed into modified 1-ml Eppendorf pipette tips fitted with filter plugs (U-l 1 plug; Porex Technologies, Fairburn, GA) (18) . 50 Ml thrombin solution (final concentration 0.4 U/ml) was added and clotting proceeded at room temperature for 1 h. Unbound proteins were separated by centrifugation for 1 min at 3,000 rpm in a RC-3 centrifuge (Dupont Co., Sorvall Instruments Div., Newtown, CT) and fibrin clots retained on the filters were washed four times with 0.5 ml Tris-NaCl containing 0.05% Tween 20 and the amount of labeled proteins incorporated were counted. In some studies, '251-fibrinogen (specific radioactivity 800 cpm/,ug) and unlabeled HRGP were used to determine the extent of conversion of fibrinogen to fibrin.
Fibrin clot absorbance studies. Purified fibrinogen (final concentration 500 Mg/ml) was incubated with purified HRGP or albumin in Tris-NaCl buffer, pH 7.4, containing 2 mM CaCI2 and trasylol 2 U/ml for 10 min at 22°C. Clotting was initiated by thrombin (final concentration 0.05 U/ml) and the changes in absorbance by the polymerizing fibrin was monitored at 600 nm in a spectrophotometer.
Results
Demonstration ofHRGP-fibrinogen interaction by ELISA. Using an ELISA binding assay similar to the ones we have previously published (14, 15) , it was demonstrated that purified HRGP bound to adsorbed fibrinogen in a concentration-dependent and saturable manner (Fig. 1) . The binding appeared to be of high affinity, with 50% binding (apparent Kd) achieved at -0.5 ,ug/ ml (6.7 nM). Binding of HRGP to fibronectin-coated wells was much less and binding to albumin-coated wells was essentially indistinguishable from that to noncoated blank wells, demonstrating the specificity of this interaction. Using radiolabeled proteins, it was determined that the amounts of fibrinogen, fibronectin, and albumin coated on the wells were comparable (I19). Previous studies using a similar ELISA binding assay also showed a minimal interaction of fluid-phase HRGP with adsorbed Factor VIII-related antigen and antithrombin III (14) .
To study the time course of HRGP binding to adsorbed fibrinogen, complex formations with different incubation time periods were determined (Fig. 2) . A steady state of binding was reached at 1 h of incubation at 370C.
To further demonstrate the specificity of the HRGP-fibrinogen interaction, competitive inhibition studies of HRGP binding to adsorbed fibrinogen by excess fluid-phase fibrinogen were performed (Fig. 3) . Fluid To determine the reversibility of the HRGP-fibrinogen interaction, binding of 1251-HRGP to adsorbed fibrinogen was carried out, followed by the addition of excess unlabeled HRGP (Fig. 4) . Approximately 80% of the bound labeled HRGP was displaced into the supernate, demonstrating the reversibility of the interaction.
The binding of HRGP to fibrinogen was divalent cationdependent and was completely inhibited by 5 Time (min) Figure 4 . Reversibility of HRGP-fibrinogen interaction. Fibrinogen was coated onto the wells at 2 Ag/ml. '25I-HRGP (0.4 ,ug/ml) was added at 37°C for 2 h. After washing away unbound labeled HRGP, excess unlabeled HRGP (50 ,g/ml) was added, and radioactivity displaced into the supernatant (as well as that remained bound to the wells) was determined. interaction between HRGP and fibrinogen. When HRGP was preincubated with '25I-fibrinogen, incorporation of labeled fibrinogen into the HRGP precipitin arc was demonstrated by autoradiography (data not shown). Purified fibrinogen did not react with anti-HRGP, and control studies using purified albumin showed that it had no effect on the mobility ofthe HRGP immunoprecipitin arc in this system. Influence of HRGP on the thrombin time. To explore the functional implications of the HRGP-fibrinogen interaction, the influence of HRGP on the thrombin time was investigated. Purified fibrinogen was preincubated with HRGP at different molar ratios, clotting was initiated with the addition of thrombin, and thrombin times determined (Fig. 6 ). HRGP caused a significant prolongation of the thrombin time. The prolongation was concentration-dependent. Control studies using purified albumin, at equivalent molar concentrations, had no effect on the thrombin time. HRGP at the concentrations used in this assay system specific binding of the radiolabeled proteins to the filter. The incorporation ofHRGP was also dependent on the concentration of fibrinogen, with 50% incorporation achieved at -0.7 gM (Fig. 7 B) . Using '25I-fibrinogen, it was demonstrated that the incorporation of HRGP had no effect on the extent of fibrinogen conversion into fibrin by thrombin. At the optimal concentrations of fibrinogen and HRGP, the mole ratio of fibrin (monomers) and HRGP in the fibrin clot was determined to be 10:1. HRGP-depleted plasma reconstituted with '25I-HRGP also showed incorporation of HRGP into the plasma clot, indicating that this interaction occurred in a physiologic milieu. There was no inhibition ofHRGP incorporation in the presence of 10 mM e = amino = n = caproic acid, indicating that the lysine-binding site was not involved in the HRGP-fibrin interaction and that the observed incorporation was not mediated by HRGP binding to a trace amount of contaminating plasminogen in the fibrinogen preparation.
Effect ofHRGP incorporation on the structure of the fibrin gel. The effect of HRGP incorporation on the structure of the fibrin gel was studied by opacity. Purified fibrinogen was incubated with different concentrations of HRGP or albumin and clotting initiated by thrombin. The changes in absorbance at 600 nm by the polymerizing fibrin was monitored (Fig. 8) . HRGP caused a slight prolongation of the time required before an increase in absorbance was observed (lag time). It significantly decreased the rate of increase in absorbance as well as the final absorbance of the fibrin gel, which persisted after 24 h of incubation, suggesting that the HRGP incorporation altered the final structure of the fibrin gel. Purified albumin as a control had no effect.
Plasma and serum levels ofHRGP. Since our studies indicated that the incorporation of HRGP into fibrin clots occurred in a plasma milieu, the plasma and serum levels of HRGP were measured to determine if there was a detectable difference. A double antibody ELISA for HRGP was used to measure HRGP levels as previously described (13) . The plasma concentration of HRGP was determined to be 126.2±12.7 ug/ml (n = 10), in good agreement with published data (1, 7, 13) . There was an -20% decrease in HRGP level in serum, indicating a significant incorporation of HRGP into the plasma clot (Table I) . Minutes Figure 8 . Effect of HRGP on the structure of fibrin gels as monitored by opacity. Purified fibrinogen (0.5 mg/ml) was incubated with different concentrations of HRGP or albumin for 10 min at room temp. Clotting was initiated by the addition of thrombin (final concentration 0.05 U/ml) and the changes in absorbance at 600 nm by the polymerizing fibrin followed in a spectrophotometer. 
Discussion
In this study, a new interaction for HRGP is described. HRGP specifically interacts with fibrinogen as demonstrated by two independent systems, an ELISA binding assay (Figs. 1-4 ) and rocket immunoelectrophoresis (Fig. 5) . HRGP bound to adsorbed fibrinogen with an apparent Kd of 6.7 nM (Fig. 1) . It is possible that fibrinogen adsorbed on the plastic surface has an altered affinity for HRGP and this may not represent an accurate determination of the dissociation constant. However the competitive inhibition studies by fluid-phase fibrinogen (Fig. 3) suggest that the native fibrinogen molecule has a high affinity for HRGP in the fluid phase. While the stoichiometry ofthe HRGPfibrinogen interaction remains undefined, the data suggest that a significant proportion of the plasma HRGP molecules may bind to fibrinogen and circulate as HRGP-fibrinogen complexes. The effect ofother plasma proteins, such as plasminogen, which may interact with both HRGP and fibrinogen (7, 20) , remains to be determined. On the other hand, it should be noted that the molar ratio of fibrinogen to HRGP is -10:1 in plasma. It is therefore likely that most of the plasma fibrinogen molecules are not complexed to HRGP. The HRGP-fibrinogen interaction had an effect on the conversion of fibrinogen to fibrin as demonstrated by a prolongation of the thrombin time (Fig. 6) . This was not mediated by an antithrombin effect, as indicated by the lack of inhibition of thrombin activity by HRGP using a chromogenic substrate. In these experiments a maximal prolongation of the thrombin time was achieved at a molar ratio of fibrinogen to HRGP of 1 1.6:1. At a plasma molar ratio of fibrinogen to HRGP of 10: 1, the prolongation of the thrombin time was 10% in the purified system, thus in agreement with the observation that the thrombin times of HRGP-depleted plasma and normal plasma were not significantly different (10, 14) . It suggests that HRGP probably does not have a major effect on the kinetics of fibrin formation in plasma, except perhaps in a microenvironment where there is a high local concentration of HRGP, e.g., in a focal area of active hemostasis and thrombosis where extensive release of platelet HRGP occurs (13) .
There was specific binding and incorporation of HRGP into fibrin clots with an apparent Kd of 0.25 uM (Fig. 7 A) . While the assay systems for HRGP binding to fibrinogen and fibrin were different, the data suggest that the affinity of HRGP for fibrin may be lower than that for fibrinogen. Using radiolabeled proteins, it was demonstrated that the HRGP incorporation had no effect on the extent of conversion of fibrinogen to fibrin. At the optimal concentrations of fibrinogen and HRGP, the mole ratio of fibrin (monomers) and HRGP in the fibrin clot was determined to be 0O:1 and not stoichiometric. While the reason for this was not determined, it should be noted that fibrin polymerization is a complex process and the properties of fibrin are determined by kinetics and not by equilibria of assembly steps (21) . It is possible that the incorporation of HRGP into polymerizing fibrin is controlled kinetically and therefore a nonstoichiometric relationship between fibrin (monomers) and HRGP of 10:1 was obtained. Another possibility is that the HRGP-binding site on the fibrin monomer is located at or near a polymerization domain. Since complementary polymerization domains must have high affinity, fibrin polymerization would lead to the release of HRGP, resulting in a nonstoichiometric mole ratio between HRGP and fibrin monomers in the fibrin clot.
The incorporation of HRGP into fibrin had a significant effect on the final structure offibrin gels as monitored by opacity (Fig. 8) . HRGP prolonged the lag time and decreased the rate ofturbidity rise as well as the final absorbance of fibrin gels. The decrease in the final absorbance of fibrin gels suggests that the effect was not mediated by an antithrombin effect, and was consistent with the lack ofinhibition ofthrombin activity by HRGP using a chromogenic substrate. The final optical density of a fibrin gel is an indication of the average mass/length ratio of fibrin fibers within the gel (22) . Since the extent of fibrin polymerization was not influenced by the presence of HRGP, these data suggest that fibrin is distributed over more, but thinner, fibrils in the presence of HRGP. It should be noted that the effect ofHRGP on the gel structure was concentration-dependent and was observed when fibrinogen and HRGP were present at molar concentrations of 11:1 (Fig. 8) , similar to their molar ratio in plasma, suggesting that this may occur in a plasma milieu. The potential physiological significance of the HRGP-fibrin interaction was also suggested by the direct incorporation of radiolabeled HRGP into plasma clots and the significant decrease in serum HRGP levels as compared with plasma levels (Table I) .
A limited number ofproteins have been reported to become associated with fibrin or plasma clots, including plasminogen, fibronectin, a2-plasmin inhibitor, thrombin, Factor XIII, and more recently, thrombospondin (20, (23) (24) (25) (26) (27) (28) (29) (30) (31) . When fibrinogen is clotted in the presence ofplasminogen, the lag time to turbidity rise is decreased, and the rate and extent of turbidity rise are increased, suggesting that plasminogen may bind divalently between two monomer units of forming polymeric fibrin (23) . Thrombospondin decreases the lag time to turbidity rise as well as the final opacity, indicating that branching is made more favorable by the presence of thrombospondin (31) . HRGP interacts with both plasminogen (7) and thrombospondin (14) , and HRGP can form a trimolecular complex with plasminogen and thrombospondin (15) . It will be of interest to determine the effect of these three proteins together on fibrin polymerization.
The biological significance of the HRGP interaction with fibrinogen and fibrin may not be limited to the fibrin polymerization process. Fibrin is formed on the thrombin-activated platelet surface and we have previously demonstrated the release ofplatelet HRGP upon thrombin stimulation (13) . Recent studies suggest that macrophages may secrete HRGP (32) . Fibrinogen-fibrin has been detected on peritoneal macrophages (33) , and specific binding of soluble fibrin to macrophages has been reported (34, 35) . Whether the interaction of HRGP with fibrinogen and fibrin plays a role in the cell-cell interactions of platelets and macrophages remains to be determined.
